Abstract Fatty acids released from white adipose tissue (WAT) provide important energy substrates during fasting. However, uncontrolled fatty acid release from WAT during non-fasting states causes lipotoxicity and promotes inflammation and insulin resistance, which can lead to and worsen type 2 diabetes (DM2). WAT is also a source for insulin sensitizing fatty acids such as palmitoleate produced during de novo lipogenesis. Insulin and leptin are two major hormonal adiposity signals that control energy homeostasis through signaling in the central nervous system. Both hormones have been implicated to regulate both WAT lipolysis and de novo lipogenesis through the mediobasal hypothalamus (MBH) in an opposing fashion independent of their respective peripheral receptors. Here, we review the current literature on brain leptin and insulin action in regulating WAT metabolism and discuss potential mechanisms and neuro-anatomical substrates that could explain the opposing effects of central leptin and insulin. Finally, we discuss the role of impaired hypothalamic control of WAT metabolism in the pathogenesis of insulin resistance, metabolic inflexibility and type 2 diabetes.
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Introduction
Access to high caloric food has become temptingly easy over the last decades, while our lifestyle has become more sedentary, resulting in an unprecedented epidemic of obesity [1] . The obese state promotes insulin resistance and markedly increases the risk for DM2. WAT plays a critical role in energy homeostasis both as an endocrine organ and as a storage organ of energy rich triglycerides (TGs). Obesity is commonly associated with dysfunctional WAT [2] [3] [4] which is the source of excess free fatty acids (FFAs) and inflammatory mediators that cause and worsen insulin resistance that sets the stage for DM2 [5] . In mammals surplus nutrients are converted mainly into TGs that can be most efficiently stored in WAT. In the fed state nutrients are absorbed in the gut and converted into TGs in the liver. The liver then secretes these TGs as very low density lipoproteins, that will either be utilized by the muscle or, when supply exceeds demand, are stored in WAT [6] . Conversely, during fasting or energy demanding states, such as exercise and infection, WAT breaks down its stored TGs during lipolysis which releases glycerol and FFAs into the bloodstream to provide energy substrates for processes such as β-oxidation and gluconeogenesis [7, 8] . The continuous transition between fasting and feeding requires WAT to dynamically switch from a fatty acid storing to a fatty acid releasing mode according to metabolic needs. This metabolic flexibility is critical for energy homeostasis. Thus, WAT dysfunction is characterized by the inability of WAT to store lipids or restrain lipolysis in the fed state. WAT dysfunction is observed in lipodystrophic [9] , obese and DM2 patients [10] [11] [12] and results in elevated circulating FFAs. Excessive lipolysis in WAT causes accumulation of ectopic lipids and promotes a pro-inflammatory state [13] [14] [15] , which can cause or worsen insulin resistance in muscle and liver [16] [17] [18] .
WAT is also capable of synthesizing fatty acids during de novo lipogenesis. Although, quantitatively WAT de novo lipogenesis adds little to the whole body lipid pool [19] , it may serve important metabolic functions that we are just beginning to explore. A recent study has shown that the fatty acid palmitoleate, which seems to be mainly released by WAT, bears systemic insulin sensitizing properties in mice [20] . Data on palmitoleate in humans are mixed. While high circulating palmitoleate is associated with improved cholesterol profiles in men, it is also linked to increased TG levels and insulin resistance [21] . However, these studies did not differentiate the source of palmitoleate, which is important since increased hepatic lipid production is associated with insulin resistance [22, 23] rendering liver derived palmitoleate a possible confounder. Indeed, palmitoleate from exogenous sources (non-liver-derived), such as dairy products, is associated with lower insulin resistance and incidence of DM2 in humans [24] . In rodents, whose lipogenic capacity seems to exceed that of humans [25] , palmitoleate is implicated in improving glucose uptake in vitro and in vivo [20, 26] and to also reduce hepatosteatosis by blocking lipogenesis in the liver [20] . Yet, the exact molecular mechanism of how palmitoleate exerts its insulin sensitizing effects remains to be elucidated. Furthermore, there is emerging evidence that in human obesity WAT de novo lipogenesis is reduced [27] [28] [29] , which may result in lower palmitoleate secretion from WAT contributing to insulin resistance, although this has not been stringently proven. Therefore, failure of WAT de novo lipogenesis may represent an additional feature of WAT dysfunction. Apart from lipid production, storage and release, WAT is a highly active endocrine organ that secretes adipokines such as adiponectin and leptin, that control energy homeostasis by regulating appetite and partitioning of glucose and lipids, which has been reviewed extensively elsewhere [30] .
Regulation of lipid metabolism by insulin and leptin
Lipid partitioning is regulated by several circulating factors, such as hormones and cytokines. The focus of this review will be on insulin, secreted by the endocrine pancreas, and leptin, produced primarily by adipocytes. The two hormones circulate in levels proportional to body fat and are considered the main endocrine adiposity signals in mammals [31] that communicate current energy availability to the brain. Within the brain, and in particular the hypothalamus, leptin and insulin signaling are integrated with other signals such as neurotransmitters and nutrients. The hypothalamus, in turn, orchestrates nutrient partitioning and appetite [31, 32] . The prevailing paradigm of brain insulin's and leptin's role in the regulation of energy homeostasis is that they act synergistically. Both hormones suppress food intake via signaling in the hypothalamus [33] [34] [35] [36] [37] [38] [39] , although brain insulin's anorectic effects have recently been challenged [40] . However, clinically their effects are quite different: Insulin has several anabolic properties and diabetic patients started on insulin tend to gain weight [41] , while leptin administration reduces adiposity in leptin deficient rodents and humans [35, 42] .
Insulin is considered the major anti-lipolytic [7] and prolipogenic regulator [43] in WAT and these effects are thought to be exclusively mediated via the insulin receptor expressed on adipocytes [44] . Humans with insulin receptor mutations exhibit lipodystrophy or even lipoatrophy, a severe reduction in WAT mass with increased circulating fatty acids [45, 46] . The classical explanation for this phenotype is that the lipodystrophy results from the loss of peripheral insulin receptor signaling in adipocytes. However, mice that lack the insulin receptor exclusively in fat tissue develop only a mild reduction in adipose tissue mass [47] , indicating that the loss of the adipocyte insulin receptor cannot fully explain the lipodystrophic phenotype of patients with insulin receptor defects. Furthermore, the inducible deletion of the insulin receptor throughout the periphery but not the brain only moderately reduces adiposity, while inducible deletion of the insulin receptor in the whole body, that is brain and periphery, leads to severe lipodystrophy within 4 weeks [48, 49] . This indicates that brain insulin signaling plays a pivotal role in preserving fat mass and retaining FFAs in WAT.
While insulin suppresses lipolysis and induces lipogenesis in WAT, the acute effects of leptin on WAT metabolism oppose those of insulin by inducing lipolysis and inhibiting lipogenesis, which contribute in the long-term to leptin's ability to reduce adiposity [50, 51] . These effects of leptin (as most metabolic effects) are mediated primarily via signaling in the brain. Re-constitution of neuronal leptin receptors completely reverses the lipotoxic, dysmetabolic phenotype of leptin receptor deficient db/db mice [52] . Conversely, deletion of the peripheral leptin receptor in mice but not the brain results in no obvious dysmetabolic phenotype or alterations in adiposity [53] .
Further support for the concept that insulin and leptin have opposing effects on WAT metabolism has been provided by studies of leptin deficient humans where insulin action was studied with pancreatic clamp studies either with or without leptin replacement therapy. Interestingly, upon discontinuation of leptin therapy, baseline FFA levels decreased and were more effectively suppressible by insulin [54] .
Brain regulation of WAT metabolism by leptin and insulin
The anti-adiposity effects of systemic leptin can be reproduced by infusing small amounts of leptin intracerebroventricular (ICV) and these anti-adiposity effects of leptin occur in part independent of its anorexic effects [55] . Conversely, reducing neuronal leptin receptor levels by 50% in mice results in These effects seem to be mediated through either stimulation or inhibition of sympathetic outflow to WAT. In addition, insulin exerts direct effects on WAT by binding to the adipocyte insulin receptor, which leads to the inhibition of phosphodiesterase 3B resulting in degradation of cyclic-AMP [89, 90] increased fat mass, while food intake seems not to be affected [56] . Acutely, leptin infused into the MBH suppresses de novo lipogenesis by increasing protein expression and the activation state of key lipogenic enzymes such as fatty acid synthase and ATP citrate lyase [57] . Furthermore, MBH leptin suppresses fatty acid uptake into visceral WAT, while it stimulates lipolysis by increasing the activation state of hormone sensitive lipase (HSL) via phosphorylation of the serine residues 563 and 660 [57] . Since these HSL phosphorylation sites are targets of protein kinase A [58] , an enzyme that is induced via the sympathetic nervous system, it is likely that MBH leptin stimulates lipolysis by increasing sympathetic nervous system outflow to WAT. To the contrary, chronic ICV insulin infusion can increase fat mass in mice without affecting food intake [49] . As pointed out earlier systemic insulin exerts strong antilipolytic and pro-lipogenic effects in WAT within minutes or at most hours. Insulin infusion into the MBH acutely restrains lipolysis in rats, as assessed by WAT triglyceride hydrolase activity and HSL activation state, by reducing sympathetic nervous system outflow to WAT [59] . The role of the parasympathetic nervous system in the central regulation of WAT by insulin and leptin is untested at present, however parasympathetic innervation of WAT remains controversial [60, 61] .
In contrast to leptin, MBH insulin increases expression of lipogenic proteins such as fatty acid synthase and acetylCoA carboxylase in rats thereby stimulating WAT de novo lipogenesis [59] . Furthermore, deletion of the insulin receptor in neurons of mice (Nirko) results in increased lipolytic rates in the fasted state and altered suppression of FFA release after re-feeding. Conversely, Nirko mice exhibit suppressed de novo lipogenesis in WAT, which coincides with a decrease in WAT palmitoleate levels [59] . Therefore, the loss of insulin signaling in the brain causes WAT dysfunction. In summary, these studies provide evidence that the opposing effects of leptin and insulin on WAT metabolism are at least in part mediated via the brain.
Lipolytic flux from WAT drives hepatic gluconeogenesis
FFA levels closely correlate with hepatic glucose production, independent of systemic insulin or glucose levels [67] . Furthermore, insulin's anti-lipolytic properties are essential for the suppression of hepatic glucose production [66] , because glycerol acts as a gluconeogenic precursor, while FFAs provide important energy substrates to the liver to fuel gluconeogenesis [8] . Both brain leptin and insulin have the ability to alter hepatic glucose flux (reviewed in [62] ). Brain insulin infusion in rodents suppresses hepatic glucose production by decreasing gluconeogenesis, while glycogenolysis in the liver is not affected [63, 64] . Central leptin infusion acutelely induces gluconeogenesis while suppressing glycogenolysis. Thus, while central leptin alters glucose partitioning in the liver, this does not change net hepatic glucose output [65] . Therefore, the opposing effects of brain insulin and leptin on WAT lipolysis are mirrored in the regulation of hepatic gluconeogenesis through brain signaling by both these hormones. Lipolytic flux closely correlated with hepatic glucose production in rats that received brain insulin infusions [59] , suggesting that the brain control of hepatic glucose production occurs in part via the central regulation of WAT lipolysis.
The role of Agrp/NPYand Pomc neurons in regulating WAT metabolism
It is tempting to speculate that the effects of brain insulin and leptin are mediated by a single neuronal subpopulation within the hypothalamus. Two likely candidates are proopiomelanocortin (Pomc) and agouti-related peptide (Agrp) expressing neurons, as they play signal roles in controlling energy homeostasis and are both targets of insulin and leptin [32] . Deletion of leptin receptors in either Pomc or Agrp neurons leads to moderate obesity, while the combined knock-out of leptin receptors in Agrp and Pomc neurons has an additive effect resulting in an approximately 30% increase in adiposity despite equal food intake among all strains [68, 69] . These findings suggest that brain leptin signaling in both Pomc and Agrp neurons plays an important role in the regulation of adiposity. Mice that lack both insulin and leptin receptors in Pomc neurons are markedly insulin resistant. However, double knock-out of leptin and insulin receptors on Pomc neurons partially reverses the obesity phenotype of isolated leptin receptor Pomc knock-out mice [70] . This suggests that the opposing effects of insulin and leptin are integrated in Pomc neurons, where insulin signaling seems to preserve fat mass, whereas leptin signaling decreases it. Yet, deletion of the insulin receptor in either Pomc or Agrp neurons causes no change in adiposity, indicating that other redundant pathways compensate. Furthermore, only Agrp insulin receptor knock-out mice, but not Pomc, fail to suppress hepatic glucose production during hyperinsulinemia [71] . Lipid fluxes have not been comprehensively studied in these mouse models as of yet. However, judging from the energy balance and glucose homeostasis phenotype of the aforementioned mouse models, it is unlikely that a single neuronal subtype can explain both insulin and leptin's effects on lipid metabolism, rather that it is integrated within a complex network of neurons that is maintained in a delicate balance. In some cases insulin signaling in one neuronal subtype can even antagonize the effects of insulin signaling in another [72] . Thus, lifelong Cre-lox knock-out models have several limitations in identifying first order neurons that mediate the acute effects of brain insulin and leptin in regulating energy metabolism: First, it is unclear which neuronal populations in the CNS express Pomc and Agrp during development. Thus, during development Cre recombinase potentially targets cells that are different from the classic Agrp/Pomc neurons in adult animals [73] . Secondly, even if a specific neuronal knock-out model blunts the ability of brain insulin and/or leptin to regulate WAT metabolism, this does not necessarily imply that the particular neuronal population is the main target, only that the balance within the neuronal network is disturbed. This imbalance renders the hypothalamus insensitive to the acute effects of leptin and/or insulin, but also possibly to other effectors such as nutrients.
The neurophysiologic effects of insulin and leptin signaling in Pomc and Agrp neurons
Insulin and leptin affect Pomc and Agrp neurons in a distinct manner. While leptin increases the frequency of action potentials in some Pomc expressing neurons [74, 75] , insulin hyperpolarizes a subset of Pomc neurons [70, 71, 75] . Both hormones seem to depend on intact PI3K signaling to exert these effects [75] and, surprisingly, both insulin and leptin stimulate PI3K activity in Pomc cells [76] . Yet, how can two hormones affect neuronal activity in an opposing fashion and at the same time activate the same intracellular signaling cascade? This apparent paradox was solved by the demonstration that the opposing neuronal responses to insulin and leptin are integrated in two distinct subpopulations of Pomc neurons that reside in different areas of the hypothalamus, rather than in the same exact neurons [77] . However, other reports suggest that insulin is able to hyperpolarize a small number of Pomc neurons, which were pre-stimulated with leptin [75] , suggesting that in rare cases, insulin and leptin signals can be integrated in single Pomc neurons. Taken together, leptin and insulin seem to induce opposing electrophysiological responses in subpopulations of Pomc neurons in the hypothalamus (also reviewed in [78, 79] ).
In Agrp neurons insulin and leptin induce different signaling cascades. Insulin increases while leptin suppresses PI3K in a process that requires synaptic transmission from Pomc and other inhibitory presynaptic neurons [76] . Insulin's electrophysiological effects in Agrp neurons are heterogeneous; only a small subset of Agrp neurons is insulin responsive and insulin has either depolarizing [75, 80] or hyperpolarizing effects [71] . Leptin seems to not affect Agrp neuron spike frequency in studies performed in mice [75, 80] , but to hyperpolarize pacemaker neurons in the rat arcuate nucleus of the hypothalamus (ARC) [81] . Thus, insulin and leptin affect subsets of Agrp and Pomc neurons in an opposing fashion. The finding that in Agrp neurons insulin activates while leptin suppresses PI3K, as well as the opposing electrical responses evoked in Pomc neurons, could represent potential mechanisms through which brain insulin and leptin exert opposing effects on WAT metabolism.
Future directions
Pomc and Agrp neurons, while important in the regulation of energy homeostasis, are only two of many neuronal subtypes that reside within the MBH. As leptin and insulin receptors are expressed widely within the CNS, other neuronal populations besides Agrp and Pomc are likely to participate in the regulation of WAT metabolism through brain leptin and insulin and await further characterization. Further, the electrophysiology as well as the intracellular signaling events that are triggered by insulin and leptin, require further study. This knowledge could prove critical in understanding the molecular events that lead to the diverging effects of brain insulin and leptin signaling in regulating WAT metabolism. Furthermore, it remains largely unclear how insulin and/or leptin signaling impact upon other signaling pathways, such as the GABA-ergic or dopamine-ergic system, and how these signaling events are integrated with nutrient sensing in the MBH.
Finally, retrograde viral tracer studies in rodents revealed multiple CNS regions that are involved in autonomic innervation of WAT. The paraventricular nucleus (PVN) of the hypothalamus, which is known to project directly to spinal sympathetic neurons [82] , stained positive at an early stage after virus injection into WAT [83, 84] . At later time points the infection spread to the ARC and lateral hypothalamus [83] , suggesting that these brain regions are upstream of the PVN. Interestingly, only Pomc expressing, but not NPY expressing neurons in the ARC co-localized with viral infection [83] . Pomc expressing neurons release α-melanocyte stimulating hormone, a cleavage product of Pomc, which activates melanocortin receptors. Central melanocortin agonists increase lipolysis and SNS outflow to WAT in siberian hamsters [85] and melanocortin 4 receptor mRNA expression highly co-localizes with pseudorabies virus infected neurons [84] , making Pomc neurons a likely integration site of MBH insulin and leptin signals to WAT. Given the distinct localization of the insulin and leptin reactive Pomc subpopulations within the MBH, it may be that these neuronal subsets project to different 2 nd order neurons that then activate or block SNS outflow to WAT integrating the opposing effects of insulin and leptin on a topographic basis. There is evidence for this in rats, since neurons of the anterior half of the ARC (insulin responsive neurons) were found to project to autonomic areas such as the dorsal vagal complex [86] , whereas neurons of the caudal portion (leptin responsive Pomc neurons) primarily connect to the PVN [77, 87] .
Adiposity is regulated by many factors and the direct regulation of WAT lipolysis and lipogenesis represents only two among these. The metabolic phenotyping of currently available mouse models of neuron specific insulin and leptin receptor deletions has been mostly limited to the study of body composition, glucose fluxes and serum lipid profiles, parameters that are only indirectly affected through alterations in lipolytic flux from WAT. A more comprehensive assessment of lipid fluxes during fasting to re-feeding transitions or hyperinsulinemic clamps as well as in vivo determinations of WAT de novo lipogenesis in these mouse models will further our understanding of the regulation of WAT metabolism through the CNS.
It is important to point out that although long-term leptin treatment improves energy homeostasis in leptin deficient rodents and humans, the acute effects of leptin in non-leptin deficient rodents are conceivably detrimental if for example increased lipolysis is not counterbalanced by increased fatty acid utilization resulting in lipotoxicity. Under physiologic circumstances plasma levels of insulin and leptin change in parallel-both hormones are increased in the fed state and low during fasting although these changes during the fasting to re-feeding transition are much more pronounced in the case of insulin and subtle with leptin [88] . In the fed state FFA release from WAT should be restrained while nutrient storage in WAT should increase, which are both a function of brain insulin signaling. To the contrary, leptin increases lipolysis and lowers de novo lipogenesis in WAT, both signs of WAT dysfunction. The fact that leptin administration in leptin deficient animals is not detrimental is likely due to the coordinated regulation of a number of metabolic effects such as an induction in β-oxidation. Thus, the balance between brain insulin and leptin action are a critical determinant of metabolic flexibility. The obese state is characterized through both leptin and insulin resistance. One can speculate that in the obese state, which is characterized by hyperleptinemia, the effects of leptin on WAT metabolism are preserved and not decreased as a consequence of leptin resistance. If this would turn out to be true, then leptin should drive WAT lipolysis and hamper de novo lipogenesis in obesity and DM2 and thus contribute to WAT dysfunction.
Summary
The acute effects of insulin and leptin on WAT lipolysis and de novo lipogenesis oppose each other and can in part be explained by hypothalamic signaling (See proposed model in Fig. 1 ). Leptin and insulin seem to activate or dampen sympathetic outflow to WAT, respectively. Impaired leptin and/or insulin signaling in the brain disrupt the brain control of lipolysis and de novo lipogenesis in WAT. This is mirrored by mouse models of either brain insulin and leptin receptor deficiency, which reproduce key components of WAT dysfunction in the obese and diabetic state. WAT is a driver of hepatic gluconeogenesis through its control of lipolytic flux, yet WAT is also an important source of insulin sensitizing fatty acid species. Thus, the control of WAT metabolism through brain insulin and leptin is likely to play an important role in lipid and glucose homeostasis.
